by semi-quantitative mass spectrometry. We found that nearly all genuine 36 magnetosome membrane-integral proteins belong to a well-defined set of previously 37 identified proteins encoded by gene clusters within a genomic island, indicating a 38 highly controlled protein composition. Magnetosome proteins were present in 39 different quantities with up to 120 copies per particle as estimated by correlating our 40 results with available quantitative Western blot data. This high abundance suggests 41 an unusually crowded protein composition of the membrane and a tight packing with 42 transmembrane domains of integral proteins. Our findings will help to further define 43 the structure of the organelle and contribute to the elucidation of magnetosome 44
biogenesis. 45 46

Introduction 77
The Alphaproteobacterium Magnetospirillum gryphiswaldense and related 78 magnetotactic bacteria form intracellular, membrane-bounded crystals of a magnetic 79 mineral, the magnetosomes, which serve as magnetic sensors to help to direct 80 bacterial swimming towards growth-favoring suboxic zones in the sediments of 81 natural waters [1] . Magnetosome biosynthesis comprises the invagination of 82 magnetosome membrane vesicles from the cytoplasmic membrane [2, 3] , in which 83 conditions are properly controlled for the biomineralization of nano-sized crystals of 84 the iron oxide magnetite. Nascent magnetosomes are then aligned into linear chains 85 along cytoskeletal filaments to achieve one of the highest structural levels found in 86 prokaryotic cells [4] . 87
Magnetosome biosynthesis is thought to involve the sorting of a complex set of 88 proteins to the magnetosome membrane [3] [4] [5] . First comparative analyses suggested 89 the presence of specific magnetosome membrane proteins in various quantities which 90 co-purified with magnetosome particles isolated by magnetic collection and 91 ultracentrifugation [6] [7] [8] . Attempts to assess the magnetosome membrane proteome 92 of M. gryphiswaldense by denaturing one-and two-dimensional gel electrophoresis 93 followed by Edmann degradation and mass spectroscopy in combination with 94 comparative genomic analysis identified a set of about 25 bona fide magnetosome 95 proteins termed Mam (magnetosome membrane) and Mms (magnetosome membrane 96 specific) [7, 9, 10] which are thought to have key functions in magnetosome 97 membrane biogenesis, iron transport, nucleation and crystallization of magnetite as 98 well as the assembly of magnetosome chains [4] . The corresponding genes are 99 clustered within four operons of a hypervariable genomic magnetosome island 100 (MAI), namely mamABop (17 genes), mamGFDCop (4 genes), mms6op (4 genes) 101
and mamXYop (4 genes) [10, 11] . Other genes within the MAI but located outside 102 these clusters were later also implicated in magnetosome formation (mamF2, 103 mamD2, feoAB1, mamW; [10] , [R. Uebe, manuscript in preparation]. However, in 104 addition to bona fide magnetosome proteins, these MAI gene clusters also predict a 105 number of further proteins which remained undetected in previous approaches, and it 106 is unknown whether those represent genuine integral magnetosome membrane 107 constituents or are just loosely attached, whether they are targeted exclusively to this 108 compartment or also present in the cytoplasmic membrane, or in some cases, whether 109 they are expressed at all. 110
In addition, a multitude of other proteins encoded outside the well-established MAI 111 gene clusters were found to co-purify with isolated magnetosomes [8,9,12], and so 112 far it has yet not been resolved if some of these proteins represent either further 113 functional integral constituents native to the magnetosome membrane, or 114 contaminants that become bound upon cell disruption and isolation [8, 13] To control our quantification results, we also used the protein abundance index (PAI) 319 as an alternative method for quantifications [24] . The method does not take into 320 account the molecular weight of the protein for normalization, but rather the number 321 of peptides that are theoretically generated by the utilized protease (here: trypsin) and 322 also excludes peptides that are too small or big to be measured by mass spectroscopy. 323
We calculated three different PAI values for all assigned Mam and Mms proteins 324 (PAI I: assuming theoretical tryptic peptides between 600 and 5000 Da, PAI II: 325 assuming theoretical tryptic peptides with 7 to 25 amino acids and maximum 326 molecular weight of 5000 Da and PAI III: assuming the number of tryptic peptides 327 that were actually detected in our analysis). See also suppl. File 1. 328
Molecular and genetic techniques 329
Oligonucleotides were purchased from Sigma-Aldrich (Germany) and are listed in 330 suppl. Table S Alternatively, in-frame genomic fusions were constructed. Replicative plasmids 345 pOR079, pOR089 and pOR099 were constructed by replacing mamI in pOR075 by 346 PCR-amplified mamW, mamR or mms6 sequences, respectively, using restriction 347 digestion. Similarly, pOR085, pOR087, pOR088, were constructed by replacing 348 mamQ in pOR086 by mmsF, mamR and mamE sequences, respectively. The P mamDC -349 mamE-HL-egfp sequence form pOR088 was further cloned into the transposable 350 was virtually exclusively found in the magnetosome fraction, and could not be 497 depleted. With a A mag.str(MamR) /A mag.str(MamC) value of 0.2, it was additionally highly 498 abundant and therefore seems to be tightly magnetosome associated. Since it was 499 undetectable in the non-magnetic membrane (mem) and almost undetectable in the 500 soluble protein fraction (non-mag), MamR is an ambiguous case but formally had to 501 be excluded. Although MamD and MamR are thus most likely no integral 502 components, the proteins seem tightly bound to purified particles. Similar to Mms48, 503
Mms36 was excluded because of its low A mag /A mem value of 1.0. Additionally, both 504 proteins show a very low predicted abundance in the magnetosomes. Hence, Mms48 505 and Mms36, which were found to have a non-essential role in magnetite formation 506 Figure 2D+E ). These results corroborate the finding that 537 both proteins were not assigned genuine integral magnetosome membrane proteins in 538 this study, but were still found highly enriched in the magnetosome fraction, 539 indicating strong magnetosome association. 540
Given the high sensitivity of detection, it is highly likely that most of the 1000 541 proteins that were detected in the magnetosome fraction represent contaminations 542 from other cellular compartments, resulting from unspecific binding during cell 543 disruption and purification. Comparable to previous proteomic studies, predicted 544 outer membrane proteins and ATPase subunits were some of the most abundant 545 proteins in the magnetosome membrane fraction (mag) [7] [8] [9] (Table 2) . However, 546 these proteins are known to be among the most abundant cytoplasmic membrane 547 proteins in all bacteria [39] and did not meet our stringent filter criteria for genuine 548 magnetosome-membrane proteins, showing that some highly abundant proteins in 549 the magnetosome fraction are likely contaminants. 550
Next, we assessed if novel candidates identified in our screen for genuine 551 magnetosome-membrane proteins could be linked to magnetosome biosynthesis: 552
Besides the known Mam and Mms proteins discussed above, only few other proteins 553 met our filter criteria or were highly enriched in the magnetosome membrane (Table  554 1 and Fehler! Verweisquelle konnte nicht gefunden werden.), but are not 555 predicted to be magnetosome-associated (non Mam/Mms). Only one of those, the 556 small (7 kDa) hypothetical transmembrane protein MGR_4114, is conspicuously 557 encoded within the genomic magnetosome island, forming an operon together with 558 two additional hypothetical proteins and one protein with similarities to ParA/MinD-559 like ATPases. However, our deletion of the entire operon failed to cause a discernible 560 magnetosome phenotype ( 561 Fig S 3) . Another candidate, MGR_3691 (also known as MM22 [9] ) exhibited the 562 highest magnetosome enrichment of all proteins identified in our screen 563 (A mag /A mem = 64.8), but was not assigned genuine integral magnetosome protein, as it 564 became depleted in stringently washed magnetosomes, and did not meet the integral 565 membrane protein threshold (A mag.str /A mag = 0.5, A mem /A non-mag = 0.5). Indeed, 566 deletion of the gene did also not cause any magnetosome phenotype ( 567 Fig S 3) , indicating that it has no important function in magnetosome formation. 568
Among the most abundant proteins, the previously identified Mms16 (MGR_0659) 569 was also identified, but not assigned genuine magnetosome protein (Table 2) (Table 2) , five further proteins exhibited a value between 0.01 and 0.02. These 577 are the hypothetical proteins MGR_2833, MGR_0916 and MGR_2730 as well as the 578 histidine kinase MGR_0622 and the ccb3-type cytochrome oxidase maturation 579 protein MGR_2552 (Table 2) . Since their abundance in the magnetosome membrane 580 is very low in comparison with MamC and currently no functional connection to 581 magnetosome formation is known for those proteins, it is highly likely that they 582 represent false positives with respect to identified genuine magnetosome-membrane 583
proteins. 584 Table 3 shows additional proteins that might be genuine magnetosome-membrane 585 proteins, identified using less stringent filter parameters (A mem /A non-mag ≥ 1, 586
A mag /A mem ≥ 1, A mag.str /A mag ≥ 1), but with a predicted abundance of at least two 587 protein copies per magnetosome (A mag.str(N) /A mag.str(MamC) ≥ 0.02). Besides MamQ, 588 these proteins comprise putative translocases, peptidases, hypothetical proteins, acyl-589 or glycosyl-transferases. However, only MamQ shows a reasonably high A mag /A mem 590 enrichment coefficient and also A mag.str /A mag.str(MamC) abundance. Similarly, ignoring 591 the A mag /A mem threshold, only MamR and a putative phasin could be additionally 592 associated with high A mag.str /A mag.str(MamC) abundance. 593
In summary, except few novel candidate proteins, of which only one showed higher 594 confidence (MGR_4114), it therefore appears that the specific integral 595 magnetosome-membrane sub-proteome is comprised of only previously predicted 596 magnetosome-membrane proteins. 597
Proteinase K-shaved magnetosome membranes mostly contain MAI-encoded 598
Mam/Mms protein fragments 599
To obtain additional information about the integral magnetosome-membrane 600 proteome, we performed a Proteinase K membrane shaving assay on isolated 601 magnetosomes, which should cleave off and digest all external protein domains, 602 while buried transmembrane and membrane enclosed domains stay intact. Mass 603 spectroscopy analysis of shaved magnetosomes membranes assigned peptide spectra 604 to 61 proteins (suppl. 19% of all spectra were assigned to the magnetosome protein MamO, the top-10 610 proteins with highest SpC already covered 75% of all spectra (top-20 -89%). 611
Besides MamS and MamP, all identified genuine Mam and Mms magnetosome 612 membrane proteins (according to Table 2 ) were also detected in the membrane 613 shaving assay, however with highly variable SpC. Additionally, MamJ, MamA and 614
MamD2 were also identified with comparably low SpC (suppl. Table S 4). Although 615 with low SpC, only MGR_2730 and the MAI-encoded MGR_4114 were identified 616 from the list of non-Mam/Mms proteins, but assigned genuine magnetosome proteins 617 (Table 2) . As in whole magnetosomes, MGR_3691 was again identified with a high 618 SpC (suppl. Table S [PDB] (including 3 enclosed lipids), this would indicate a total membrane coverage 668 of 28%, which is somewhat higher but in the same range as our conservatively 669 estimated coverage of the magnetosome membrane. 670
Conclusions 671
In summary, our proteomic data and modelling estimated the composition of the 672 integral magnetosome-membrane proteome of MSR-1. Although the prediction of 673 relative protein abundancies from label-free mass spectroscopy data is inherently 674 error-prone and might lead to under-or overestimations for individual proteins, the 675 cautious interpretation of our data allowed us to approximate the protein composition 676 and coverage of the magnetosome membrane in a novel approach. Absolute 677 quantifications of other individual magnetosomes-membrane proteins in the future 678 will further refine our model, which will be the basis for more precise determination 679 of the structure of this unique bacterial organelle. By directly comparing protein 680 abundances of magnetosomes purified from single magnetosome gene deletion 681 mutants with those of the wild-type, our approach could be utilized to systematically 682 assay the interdependency on protein localization to the organelle. This might prove 683 as a powerful tool to further investigate the complex interaction-network of 684 magnetosome proteins. Finally, our prediction of an unusually crowded protein 685 composition within the membrane of the organelle also might substantially 686 contribute to the assumption that a lipid raft like association of magnetosome-687 membrane proteins takes place prior to the magnetosome invagination [3, 5] . 688
Altogether our results will help to elucidate the processes involved in biogenesis of 689 magnetosomes. 690 
